Vitamin A deficiency results in multi-
A and the immune response to infection was postulated in the late 1920s. The impetus for renewed interest in this subject comes from research in several disciplines.
First, it is now recognized from clinical and cellular studies of hematopoiesis that retinol, retinoic acid, and related retinoids affect lymphocyte development and maturation (reviewed in ref 1). Second, cell culture and animal nutritional studies have shown that vitamin A and related retinoids are capable of modulating lymphocyte responses that lead to antibody production, T cell activation, and cytokine production (see ref 2 for a general review). Third, the results of numerous epidemiologic studies have shown convincingly that mortality, and sometimes morbidity, are greater in vitamin A-deficient children even when xerophthalmia is not present (3) . Diarrhea, measles, and, in some studies, respiratory infections are common in vitamin A-deficient children (4). Diarrhea and respiratory infections are caused by many different etiologic agents, including viruses and bacteria, whereas measles is caused by a single agent, the measles virus. For many vitamin A-deficient children, the cause of death is likely to be an overwhelming infection of viral or bacterial origin. A meta-analysis of eight field-based studies showed a highly significant effect of vitamin A supplementation in preschool children in poor regions of Asia, Malaysia, and Africa, with an overall reduction in mortality of 23% (5). Although most data suggest that vitamin A status has little effect on the incidence of infectious disease, the severity of some infections, especially those associated with diarrhea, may be reduced when vitamin A status is improved (6). In contrast, there seems to be no benefit of vitamin A in reducing the severity of childhood pneumonia in developing countries (7).
In this review, we first consider experimental studies designed to understand the requirements for and functions of vitamin A in the in vivo response to infection with specific viruses. Second, we review the role of vitamin A in maintaining cells and cytokines with antiviral properties, focusing on natural killer (NK)2 cells and related cytokines.
Third, we discuss briefly how infection may alter the normal transport and metabolism of retinol. (41) showed that the majority of the reduced NK cell cytotoxic activity in peripheral blood and nearly half of the reduction in spleen could be explained by a iow number of NK cells. Nonetheless, NK cells from both vitamin A-deficient and control rats were activated essentially equally by interferon-aJ or IL-2, which suggests that although cell numbers were reduced, possibly due to impaired lymphopoiesis and NK cell maturation, the functional activity of NK cells reaching maturity was not impaired.
There is little information concerning NK cells in children with vitamin A deficiency.
Griffin et al. (43) noted reduced NK cell activity in the peripheral blood of Peruvian children with measles, which remained low for at least 3 wk after the onset of rash. The ability of NK cells to respond to IL-2 was retained.
Although the vitamin A status of these children was not determined, it is tempting to speculate that it may have been marginal. In vitamin A-deficient rats treated with dietary retinoic acid or N-(4-hydroxyphenyl) retinamide, the number of NK cells returned to normal within a week (42). Retinoids may also stimulate the cytotoxicity of NK cells from normal animals, increasing NK cell lytic efficiency (cytolytic activity per NK cell) (42). A possible mechanism for the reduced cell-mediated responses to viruses and other infectious agents in vitamin A-deficient animals and children may be related to impaired production or maturation of NK cells, reducing their immediate impact via cytolysis and possibly resulting in a reduction in the secretion of cytokines that participate in the regulation of antigen-specific antibody responses. Evidence from in vivo studies indicates that the production of cytokines may also be altered during vitamin A deficiency.
Cells from vitamin A-deficient mice produced less IL-4 and IL-5, consistent with reduced antibody responses.
Conversely, IL-12 and interferon-I were expressed constitutively in deficient mice; these effects were proposed to shape the immune response toward a Thi type and away from a Th2 type of response, which would favor antibody production (31, 44 
